The rat liver asialoglycoprotein receptor consists of two types of subunits, a predominant polypeptide designated rat hepatic lectin 1 (RHL-1) and a minor polypeptide, RHL-2/3, that comes in two differentially glycosylated forms. The exact stoichiometry and arrangement of the subunits in the RHL oligomer are not known. The carbohydrate-recognition domain of RHL-2/3 has been prepared by limited proteolysis of the liver receptor so that its properties can be compared with those of the corresponding domain of RHL-1 previously produced in a bacterial expression system. Binding studies indicate that while RHL-1 binds N-acetylgalactosamine with approximately 60-fold higher affinity than it binds galactose, RHL-2/3 has only 2-fold selectivity for N-acetylgalactosamine. In general, the pattern of monosaccharide-binding specificity for RHL-2/3 is similar to RHL-1, but the discrimination of various sugars relative to galactose is reduced substantially. Limited proteolysis and crosslinking studies demonstrate that RHL-2/3 is easily removed from the RHL oligomer in detergent solution and that RHL-1 remains at least trimeric following removal of RHL-2/3. These studies suggest that RHL-1 forms a ligand-binding core while RHL-2/3 acts more as an accessory subunit contributing to selective binding of certain oligosaccharide structures.
Introduction
Mammalian hepatic asialoglycoprotein receptors mediate clearance from serum of glycoproteins with exposed terminal galactose or N-acetylgalactosamine residues by a process of receptor-mediated endocytosis (Spiess, 1990) . Ligands for the receptor can be created by removal of sialic acid from endogenous glycoproteins containing complex N-linked oligosaccharides as well as by construction of neoglycoproteins with attached galactose or N-acetylgalactosamine. However, the identity of natural ligands for the receptor remains uncertain because failure to express the receptor does not result in substantial increases in particular asialoglycoproteins even though the ability to clear exogenously introduced asialoglycoproteins has been eliminated (Ishibashi et al, 1994) .
The hepatic asialoglycoprotein receptors of rats (Drickamer et al, 1984; Halberg et al, 1987; McPhaul and Berg, 1987) , mice (Sanford and Doyle, 1990; Takezawa et al, 1993) , and humans (Spiess and Lodish, 1985; Spiess et al, 1985) consist of two types of polypeptide subunits. In rats, the major subunit is designated rat hepatic lectin 1 (RHL-1) while the minor subunit appears in two differentially glycosylated forms designated RHL-2 and RHL-3. There is evidence that both of the rat (McPhaul and Berg, 1986) and human (Shia and Lodish, 1989) subunits are required for assembly of a receptor capable of mediating endocytosis of asialoglycoproteins. However, both the major rat (Braiterman et al, 1989) and human (Geffen et al, 1989; Fuhrer et al, 1994) subunits can assemble into homooligomers that reach the cell surface and undergo endocytosis in the absence of the corresponding minor subunits. It has also been shown that RHL-1 expressed in isolation can mediate uptake of synthetic ligands containing high densities of sugars residues (Braiterman et al, 1989) . The minor subunits do not generally reach the cell surface in the absence of the major subunit, so their ligand-binding and internalization properties have not been extensively studied. A second asialoglycoprotein receptor found in peritoneal macrophages in rats (Ii et al, 1990) and tumouricidal macrophages in mice (Sato et al, 1992) consists of just one type of subunit distinct from the hepatic polypeptides.
The three types of rat hepatic and macrophage asialoglycoprotein receptor subunits are homologous. Each polypeptide consists of an N-terminal cytoplasmic domain, a transmembrane hydrophobic sequence and a C-terminal carbohydraterecognition domain (CRD) linked to the membrane by an intervening neck region. The intact hepatic receptor is capable of discriminating between closely related oligosaccharide structures (Townsend et al, 1986) . Affinity labeling of receptor in rat hepatocyte membranes indicates that the major receptor subunit, RHL-1, interacts preferentially with galactose at the termini of the 1,3 and 1,6 branches of N-linked oligosaccharide ligands from glycoproteins, while the minor subunit, RHL-2/3, interacts with the 1,4 branch (Rice et al, 1990) . A better understanding of this selectivity may provide important clues about potential natural endogenous ligands.
As a first step toward elucidating the physical basis for discrimination of different ligands by the multisubunit asialoglycoprotein receptor, the binding characteristics of the individual subunits and their arrangement in the receptor oligomer must be investigated. While it has been possible to express substantial quantities of the CRD of the RHL-1 subunit in a bacterial system, allowing for detailed analysis of its sugarbinding properties (Iobst and Drickamer, 1996) , the RHL-2/3 subunit has only been expressed in radiochemical quantities in an in vitro system (Halberg et al, 1987) . Expression studies in both bacteria and insect cells have failed to yield active CRD from RHL-2/3 (Nydia I.Ruiz and Kurt Drickamer, unpublished observations). A method for separation of the subunits from the receptor isolated from liver has been developed, but the separated RHL-2/3 subunit produced in this way is in detergent solution and is difficult to immobilize for binding studies (Hal-berg et al, 1987) . For these reasons, the binding specificity of RHL-2/3 has not been studied in detail.
In the present work, limited proteolysis has been investigated as an alternative means of preparing CRD from RHL-2/3 for binding studies. In addition to providing evidence that RHL-2/3 shows reduced selectivity for saccharide ligands compared with RHL-1, these studies are consistent with the suggestion that RHL-2/3 is relatively loosely associated with RHL-1 in a heterooligomeric receptor.
Results and discussion

Preparation of RHL-2/3 CRD
In the absence of useful expression systems for the sugarbinding portion of RHL-2/3, limited proteolysis was investigated as an alternative means of isolating this domain. Previous studies with other C-type animal lectins, including chicken hepatic lectin, mannose-binding protein, and the macrophage mannose receptor, have revealed that the C-type CRDs of the molecules are globular modules that display resistance to proteolysis in the presence of Ca 2+ (Loeb and Drickamer, 1988; Weis et al, 1991; Mullin et al, 1994) . The effect of low concentrations of proteases on detergent-solubilized RHL is shown in Figure 1 . The two subunits show dramatically different sensitivity to treatment with protease. At low concentrations of trypsin and subtilisin, RHL-1 (the predominant band at 43 kDa) is rapidly cleaved to yield a stable fragment approximately 3 kDa smaller than the intact subunit (RHL-1'). Similar treatment with clostripain has previously been used to produce this same fragment, which results from digestion in the middle of the cytoplasmic tail of RHL-1, between amino acids 22 and 23 (Drickamer et al, 1984) . Following this initial cleavage, RHL-1 remains largely resistant to further digestion at the concentrations of protease investigated. A higher molecular weight species migrating near 68 kDa, a dimer of RHL-1 subunits, also remains largely resistant to protease digestion.
In contrast to RHL-1, RHL-2/3 is rapidly digested to much smaller fragments under the same conditions. Trypsin digestion results in production of several fragments including a diffuse band at approximately 27 kDa (Tl) and a sharper band of approximately 20 kDa (T2). The products of subtilisin cleavage are resolved into a sharp band also at approximately 20 kDa (S2) and a diffuse, more rapidly migrating band (SI). RHL-3 differs from RHL-2 by the presence of an extended polylactosamine chain, which confers upon RHL-3 the diffuse character observed on gels (Halberg et al, 1987) . Thus, the diffuse upper band produced by trypsin (Tl) and the diffuse lower band observed following subtilisin digestion (SI) may result from the presence of a fragment bearing this polylactosamine chain. These fragments were not investigated further.
Passage of subtilisin-digested RHL over a galactose affinity column demonstrates that most of the RHL-2/3 has become dissociated from RHL-1 during the digestion (Figure 2) . The large RHL-1' fragment adheres tightly to the column and can only be eluted in the presence of EDTA, while the RHL-2/3 fragments pass through the column in the presence of Ca 2+ . The best defined of these fragments, the M r 20,000 S2 peptide, is retarded and elutes substantially later than the other, smaller pieces that pass directly through the column. Analysis of S2 fragment reveals that it has a heterogeneous NH 2 -terminal sequence, but the several cleavage sites lie within eight amino acids of each other (Figure 3 ). These sites lie between the predicted neck and CRD regions of the protein. The S2 fragment thus represents the protease-resistant COOH-terminal portion of the polypeptide, including the CRD. The remaining smaller fragments probably derive from the NH 2 -terminal segment of the polypeptide, including the cytoplasmic tail, transmembrane and neck regions. As expected, the glycosylation sites lie in the neck region and are thus probably associated with the diffuse bands that pass directly through the affinity column. A similar purification of trypsin-digested RHL-2/3 results in isolation of fragment T2 by retardation on the affinity column (data not shown). Based on NH 2 -terminal sequence analysis, as noted in Figure 3 , this fragment includes a small portion of the neck region in addition to the CRD.
Analysis of ligand binding to RHL-2/3
The limited proteolysis studies provide a means of preparing the CRD of RHL-2/3 in quantities sufficient for binding studies. The CRD from RHL-2/3 was immobilized on polystyrene wells and probed with 125 I-Gal 34 bovine serum albumin (BSA). When individual fractions were tested, it was found that the activity of early fractions was low, in spite of the presence of substantial amounts of the CRD fragment. The low activity probably reflects the presence of Triton X-100 in the early fractions, which would prevent CRD from adhering to the polystyrene wells. On repeated assay, it was found that the isolated CRD is unstable in solution and can only be used over a period of 2-3 days before binding activity is lost. This instability does not appear to be due to further proteolysis, as polyacrylamide gel electrophoresis of the preparation after several days revealed no detectable change in the polypeptide composition. The instability of the isolated RHL-2/3 CRD may account for the difficulty in producing this domain in various expression systems.
In spite of the poor stability of the CRD, the solid phase assay could be used to quantify binding to l25 I-Gal 34 BSA. Typical binding curves for the trypsin-and subtilisin-derived fragments are shown in Figure 4 . The measured K D values are 30 and 7.8 mg/ml, (430 and 110 nM), respectively, which indicates only slightly weaker binding than that observed for the RHL-1 CRD and the CRD of the macrophage galactose receptor (Table I ). The fact that the CRD of RHL-2/3 is not retained on the galactose-Sepharose column as effectively as is the CRD of RHL-1 while they display similar affinities in the solid phase assay may reflect a destabilization of the CRD of RHL-2/3 in the presence of Triton X-100 on the column, since the detergent is not present in the binding assay. Alternatively, this behaviour may result from the valency achieved on the solid phase assay plates: RHL-2/3 CRD immobilized on the polystyrene surface can achieve valency similar to RHL-1 CRD, so they interact similarly with polyvalent Gal 34 BSA, while in solution the RHL-2/3 fragment has less of a tendency to self-associate, as demonstrated by the crosslinking studies described below, so it is unable to achieve high affinity binding as seen with the oligomeric RHL-1 fragment.
It was also possible to determine relative selectivity for monosaccharide ligands using a competition protocol in the solid phase binding assay. Typical results for the solid phase binding assay using the subtilisin fragment are shown in Figure  5 . K, values for several monosaccharides are compared for RHL-1 and RHL-2/3 in Table I . There are important differences in the observed binding selectivity. For example, while RHL-1 binds N-acetylgalactosamine with 60-fold higher affin- ity than it binds Gal, RHL-2/3 shows only 2-fold differential selectivity. Similarly, RHL-1 shows 15-to 380-fold preferential binding to galactose compared to the other sugars tested, while RHL-2/3 displays a maximum 26-fold higher binding to galactose than to N-acetylglucosamine, the least effective competitor tested. In general, although the rank order of binding selectivity remains largely the same for the different sugars tested, the selectivity of RHL-2/3 binding is approximately 10-fold lower than the selectivity of RHL-1.
In the present studies, the CRD of RHL-2/3 displays a weaker affinity for galactose-Sepharose than does the CRD of RHL-1. In a similar way, it was previously observed that unproteolyzed RHL-2/3 subunit dissociated from RHL-1 is retarded on a galactose-Sepharose affinity resin but is not tightly retained (Halberg et ai, 1987) . Surprisingly, RHL-2/3 CRD prepared by in vitro translation appears to bind tightly to the resin (Halberg et ai, 1987) . It is possible that this difference reflects instability of the RHL-2/3 CRD in isolation that is Liver-derived RHL (1 ml at I mg/ml) treated with 1 u-g/ml subtilisin for 1 h at 37°C was passed over a 1 ml column of galactose-BSA which was rinsed five times with 1 ml aliquots of Ca 2+ -containing loading buffer (fractions L1-L6) and five times with 0.5 ml aliquots of eluting buffer containing EDTA (fractions E1-E5). Aliquots of the starting digest (S) and the column fractions were analyzed by SDS-polyacrylamide gel electrophoresis on a 17.5% gel. (A) Coomassie blue stain. (B) Immunoblot stained with anti-RHL-2/3. more pronounced under the subunit dissociation and proteolysis conditions than under condition used for in vitro translation. Alternatively, aggregation of the in vitro translation product may result in increased affinity for the resin through multivalent binding.
The selectivity of the single subunit of the macrophage asialoglycoprotein receptor is also shown in Table I for comparison. Like RHL-2/3, this receptor binds galactose and Nacetylgalactosamine with nearly equal affinity, although it is closer in sequence to RHL-1 than to RHL-2/3. Recent studies on chimeras between RHL-1 and the macrophage receptor CRD have revealed the importance of several regions in supporting the preferential binding of N-acetylgalactosamine (Iobst and Drickamer, 1996) . The predominant effect on Nacetylgalactosamine binding results from interaction of a critical histidine residue in region 4 of RHL-1 (see Figure 3) , the position of which is affected by amino acids in region 1. The requirement for the histidine residue in region 4 is quite specific. Changing this residue to glutamic acid results in a 10-fold loss in binding selectivity, while other amino acid substitutions support even less selective binding of N-acetylgalactosamine. Recent structural studies reveal the importance of a van der Waals contact between the methyl group in the 2 substituent of N-acetylgalactosamine and the imidazole side chain of histidine in region 4 (Anand R.Kolatkar, Kurt Drickamer, and William I.Weis, unpublished observations). Therefore, it can be hypothesized that the low selectivity of RHL-2/3 for Nacetylgalactosamine results at least in part from the substitution of glutamic acid for histidine in region 4, while the low selectivity of the macrophage receptor is known to result from changes in region 1 that modify the position of the histidine that is conserved in region 4. Thus, although RHL-2/3 and the macrophage receptor show similar lack of selectivity for Nacetylgalactosamine, they probably do so for structurally different reasons.
Arrangement of RHL-J and RHL-2/3 in oligomers
The pattern of limited proteolysis observed for intact RHL suggests that the RHL-2/3 subunit is relatively accessible to digestion in the intact, solubilized homooligomer. This accessibility correlates with preferential labeling of the RHL-2/3 subunit observed following affinity labeling or lactoperoxidase-catalyzed iodination in membranes but not in detergent solution (Lee and Lee, 1987) . For this reason, it was of interest to compare the digestion pattern observed in these experiments with the pattern observed for isolated RHL-2/3. Separation is achieved by treatment of the isolated receptor with 2-mercaptoethanol, after which only RHL-1 binds tightly to a galactosecontaining affinity column (Halberg et al., 1987) . As shown in Figure 6 , the results of trypsin digestion are indistinguishable for RHL-2/3 when part of the total receptor pool or when examined in isolation. These data suggest that the conformation of the RHL-2/3 CRD is not substantially different when it is separated from RHL-1, as it remains protease-resistant. They also confirm that association of RHL-2/3 with RHL-1 does not significantly alter its accessibility to proteolysis, thus supporting the suggestion that RHL-2/3 is not intimately intertwined with RHL-1 in the oligomer. Chemical crosslinking of RHL in detergent solution has previously led to detection of what appear to be homooligomers of the major and minor subunits (Halberg et al., 1987) , although heterooligomers containing both polypeptides have been detected in studies using immunoprecipitation (Sawyer et al., 1988) , affinity labeling (Herzig and Weigel, 1990) , and immunofluorescence (Henis et al., 1990) . The proteolysis experiments described above suggested that it would of interest to examine the state of the separated subunits by chemical crosslinking. The results of treating intact RHL and isolated RHL-1 and RHL-2/3 fractions with the bifunctional reagent bis(sulfosuccinimidyl)suberate are shown in Figure 7 . The pattern of isolated RHL-1 crosslinking observed is nearly indistinguishable from that seen in the intact protein, with dimers and trimers as well as higher molecular weight forms clearly present. In contrast, treatment of isolated RHL-2/3 results in very little formation of dimers and no trimers, as most of the protein remains at the monomer position. The formation of trimers of RHL-1 to a similar extent under similar conditions of treatment of intact RHL and isolated RHL-1 suggests that RHL-1 probably forms a core trimer that is preserved when the RHL-2/3 subunits are removed. The lack of self-association of RHL-2/3 might suggest that it interacts as a single subunit with the RHL-1 core, although it would also be consistent with the possibility that an RHL-2/3 homooligomer exists but is more readily dissociated than the RHL-1 homooligomer under the conditions used to separate RHL-1 from RHL-2/3. In any case, like the proteolysis results, these crosslinking experiments are consistent with the suggestion that RHL-2/3 is peripherally associated with a more tightly assembled RHL-1 homotrimer.
Conclusions
Unraveling the full molecular mechanism by which the heterooligomeric hepatic asialoglycoprotein receptor achieves high affinity binding to multiantennary mammalian oligosaccharides will require a combination of biochemical and biophysical approaches. The present studies illuminate two aspects of the structure. First, they reveal that the minor subunit of the receptor is not self-associated when separated from the major subunit, while the major subunit persists as a homotrimeric core. Second, the minor subunit is digested with proteases much more readily than is the major subunit. Although Table I . Binding these results do not provide proof of how the subunits are arranged, they are consistent with the proposal that the major subunit forms a trimeric core. Consideration of the amino acid sequence of the neck region of this polypeptide strongly suggests that the trimer would be stabilized at least in part by a trimeric coiled-coil of a-helices in the neck region (Beavil et ai, 1992) . The minor subunit is probably more loosely associated with the surface of the trimer. The presence of heptad repeat sequences in the neck region of RHL-2/3 leaves open the possibility that an amphipathic a-helix in this polypeptide also participates in oligomer assembly, but the ease of dissociation of this subunit from the heterooligomer and the stability of the RHL-1 trimer core when RHL-2/3 removed either by treatment with 2-mercaptoethanol or by proteolysis makes it unlikely that the neck regions of the two types of subunits are intertwined in a heterotrimeric coiled coil. Additional information will be required to substantiate this suggestion at the structural level. The observation that selective binding of the minor subunit to a single branch of a triantennary oligosaccharide is lost upon detergent solubilization (Rice et ai, 1990) indicates that the arrangement of the subunits in the membrane will have to be scrutinized as well.
The availability of isolated CRD from the minor subunit of the asialoglycoprotein receptor has made possible a comparison of the ligand-binding properties of the two subunits. The minor subunit shows very limited preferential binding to Nacetylgalactosamine. These results suggest that the binding properties of the major and minor subunits are optimized for different ligands, although the relatively low selectivity of binding to the RHL-2/3 subunit alone suggests that its primary function may be as an accessory to RHL-1, adding specificity by placing an additional binding site in a special orientation relative to those in the RHL-1 core. Thus, both the differential binding properties of the individual subunits and their spatial arrangement in the heterooligomer probably contribute to high specificity binding of complex ligands in defined orientations. were purchased from Amersham. Protein A was obtained from Sigma Chemical Company. Galactose-Sepharose was prepared by the method of Porath (Fomstedt and Porath, 1975) . Bio-Rad Laboratories were the source of Triton X-100 and reagents for gel electrophoresis. Protein A and neoglycoproteins were radioiodinated by the chloramine T method (Greenwood et ai, 1963) . Polyvinylidene difluoride membranes were purchased from Millipore Corporation.
Material and methods
Materials
Analytical methods
Sodium dodecyl sulphate (SDS)-polyacrylamide gels were run using the system of Laemmli (1970) . Immunoblotting on nitrocellulose and staining with l25 I-protein A followed the method of Burnette (1981) using antibodies to RHL-1 and RHL-2/3 previously described (Halberg et ai, 1987) . Blotting on polyvinylidene difluoride membrane and sequence analysis were performed as described by Matsudaira (1987) . Protein in solution was prepared for direct sequencing by addition of 1/2 volume of 30% trichloroacetic acid. Following incubation at 0°C for 10 min, the precipitate was collected by centrifugation for 5 min at 18,000 x g at 4°C. The precipitate was washed twice at room temperature with 0.5 ml of ethanol:diethyl ether (50:50) with intermediate spins of 1 min at 18,000 x g. Sequencing was performed on an Applied Biosystems 477A sequenator.
Preparation of RHL
RHL isolation was performed as previously described (Hudgin et al., 1974) except that galactose-Sepharose columns were substituted for columns made with asialoorosomucoid. Separation of subunits following treatment with 2-mercaptoethanol also followed published procedures (Halberg et ai, 1987) .
Crosslinking analysis
Samples for crosslinking were transferred into 50 mM Na-N-[2-hydroxyethyl]piperazine-N'-[2-ethansulphonic acid] (HEPES) buffer by dialysis against two changes of 100 volumes each. Aliquots of 25 p.1 were treated with various concentrations of bis(sulfosuccinimidyl)suberate (Staros, 1982) for 30 min at room temperature. The reaction was stopped by addition of double strength gel sample buffer followed by immediate heating to 100°C for 5 min.
Limited proteolysis
Proteases were prepared in water immediately before use as stock solutions of 0.2-1.0 mg/ml. RHL was adjusted to pH 7.8 by addition of I M Tris-Cl, pH 7.8, so that the final concentration of Tris was 25 mM. A stock of I M CaCI 2 was added to bring the final Ca 2+ concentration to 25 mM. For experiments involving RHL-1 eluted from affinity columns with EDTA, the Ca 2+ concentration was adjusted to 25 mM, while RHL-2/3 was used directly as eluted from galactose-Sepharose. Thus, all proteolysis was conducted in final conditions consisting of 1.25 M NaCI, 25 mM CaCI 2 , and 25 mM Tris-Cl, pH 7.8. Aliquots of 25 u.1 were treated with proteases for 30 min at 37°C. The reaction was stopped by addition of double strength gel sample buffer followed by immediate heating to 100°C for 5 min.
In preparative experiments, 10 ml aliquots of RHL containing approximately 1 mg/ml of protein were treated with trypsin or subtilisin at a concentration of 1 (xg/ml for 1 h at 37°C. The digest was applied directly to a 10 ml column of galactose-Sepharose. which was rinsed with 2 ml of buffer containing 1.25 M NaCI, 25 mM CaCl 2 , 25 mM Tris-Cl, pH 7.8 and 0.5% Triton X-100 followed by 100 ml of the same buffer without Triton. Fractions of 2 ml were collected during elution and aliquots were analyzed by SDS-polyacrylamide gel electrophoresis. The presence of Triton X-100 in early fractions was indicated by the generation of foam in these fractions following shaking. Protein eluting after all the Triton X-100 was rinsed through the column, corresponding to material eluting between approximately 25 and 30 ml after the start of die elution, was used for further analysis.
Binding studies
The CRD of RHL-2/3 eluted from the galactose-Sepharose column was used directly to coat polystyrene wells by incubation of 50 u.1 aliquots overnight at 4°C. Coating solution was retrieved and reutilized twice before being discarded. Blocking of wells with BSA, incubation with radioiodinated reporter ligand with and without monosaccharide competitors and analysis of binding data were performed as previously described for other CRDs (Saleque el ai, 1993) .
